Abstract-This paper experimentally investigates two generalized methods, i.e., a simple universal index and oscillation frequency, for the quantitative assessment of flame stability at fossil-fuel-fired furnaces. The index is proposed to assess the stability of flame in terms of its color, geometry, and luminance. It is designed by combining up to seven characteristic parameters extracted from flame images. The oscillation frequency is derived from the spectral analysis of flame radiation signals. The measurements involved in these two methods do not require prior knowledge about fuel property, burner type, and other operation conditions. They can therefore be easily applied to flame stability assessment without costly and complex adaption. Experiments were carried out on a 9-MW heavy-oil-fired combustion test rig over a wide range of combustion conditions including variations in swirl vane position of the tertiary air, swirl vane position of the secondary air, and the ratio of the primary air to the total air. The impact of these burner parameters on the stability of heavy oil flames is investigated by using the index and oscillation frequency proposed. The experimental results obtained demonstrate the effectiveness of the methods and the importance of maintaining a stable flame for reduced NO x emissions. It is envisaged that such methods can be easily transferred to existing flame closed-circuit television systems and flame failure detectors in power stations for flame stability monitoring.
trend of using low-quality fuel, fuel blends and cofiring of biomass with fossil fuels. An unstable flame causes many combustion problems such as low combustion efficiency, high NO x emissions, and furnace safety (e.g., increased wall thermal stress and vibration of the furnace) [1] . Therefore, a reliable and effective means for the online continuous monitoring and quantification of flame stability is increasingly becoming crucial for maintaining the optimized performance of the furnace.
The stability of flame is a broad concept largely relating to the ignition stability of fuel, air-to-fuel ratio, the balance between the velocities of the flame and air-fuel mixture, and the thermal-acoustic stability between heat release and acoustic oscillations [2] , [3] . The ultimate aim of retaining the flame stability in a combustion system is to achieve optimized combustion process, i.e., high combustion efficiency, low pollutant emissions (e.g., NO x ), and safe plant operation. Significant research has been conducted to investigate the mechanism and characteristics of flame instability [4] [5] [6] theoretically and experimentally using various monitoring diagnostic methods such as laser-induced fluorescence [7] , infrared absorption [8] , and charge-coupled device camera [9] , [10] . A great deal of efforts have also been devoted to the study of flame stability limit [11] and diagram [12] [13] [14] , which generally correspond to a specific fuel and burner and give the range of controllable parameters (e.g., equivalence ratio, fuel stream velocity and heat input rate) within which blow-off and flashback can be avoided for a safety purpose. However, very limited work focused on the quantitative assessment of the flame stability for industrial combustion applications, which is an essential step to advanced flame monitoring and diagnostics, and thus combustion optimization. The technical challenges are thought to lie in two aspects. First, there is currently no well-defined criterion about the flame stability as well as online assessment method in the combustion domain, even though an unstable flame has been identified as one of the main causes of many combustion problems for decades. This is mainly ascribed to the fact that a flame is a 3-D thermofluid dynamic field associated with many combustion phenomena including heat, light, sound, pressure, and so on. This nature of flame has led to the investigation of the flame stability through different perspectives. It also gives rise to the difficulty, if not impossibility, in comprehensively defining flame stability by a single or a few parameters. Regardless of the nature of the flame sensorial data that are available to a flame monitoring system (e.g., planar laser-induced 0018-9456 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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fluorescence images, chemiluminescence images, pyrometryderived temperature maps, or nonfiltered images), it is very challenging to establish a methodology to process those data to quantify the stability of the flame. Second, difficulties are associated with practical issues including the accessibility of the furnace for a flame monitoring system and the protection of such a system from the high temperature and fouling in the furnace [15] . These practical issues give rise to considerable constrains in applying some of flame diagnostic techniques, such as laser-based systems, to long-term routine operation in a power station environment [16] . The techniques that are currently available for flame monitoring at power stations are limited, mainly flame failure detectors and closed-circuit television (CCTV) systems, due to a number of factors such as restricted access, harsh environment, high cost, and safety reasons. Flame failure detectors are based on ultraviolet, visible, or infrared sensing, and capture flame radiation signals. However, these detectors can indicate only the flame presence or the absence for safety purposes, though they are equipped in most of furnaces as a compulsory device. Flame visualization techniques have increasingly been used as a diagnostic tool in the understanding and optimization of combustion processes, as they provide spatial and temporal information about the thermal and chemical characteristics of flames [15] , [17] . Passive imaging techniques, unlike laser-based active imaging techniques, avoid the need for external illumination or seeding. They directly record the radiation emitted by the flame and have been identified as one of the most effective flame visualization methods for industrial applications. The CCTVs, as the simplest passive imaging system, have already been installed in boilers at many power stations as an auxiliary flame monitoring technique of flame failure detection. However, CCTVs are only for general surveillance purposes and the interpretation of flame images is based on operator's experience.
A multifunctional instrumentation system for flame monitoring in industrial furnaces was developed [18] , [19] . The system incorporates digital imaging and photodetector techniques and is capable of capturing flame images and radiation signals simultaneously and producing a range of characteristic parameters of the flame on an online basis. Efforts have also been made to assess the flame stability through the statistical analysis of physically meaningful parameters extracted from flame images (e.g., ignition point, luminous region, brightness, nonuniformity, and temperature) and through spectral analysis of flame radiation signals [19] . Although many features (parameters) can be extracted from flame images and spectral signals, however, they vary significantly from case to case and some features may be significant only under specific cases. For instance, flame ignition points can be observed only if the flame is detached from the nozzle of the burner. For an undetached flame, the flame ignition points are not applicable. Therefore, it is critical, from a practical operation point of view, to devise more generalized criterion that can be used for assessing the flame stability, particularly where combustion systems use different types of fuels (e.g., gas, oil, coal, and biomass), and operate under different conditions (e.g., over-fire air and flue gas recirculation).
The work presented in this paper focuses on establishing a generalized method for the quantitative assessment of the flame stability. A universal flame stability index is defined and used to assess the stability of flame in terms of its color, geometry, and luminance. The index is derived from the statistical analysis of up to seven individual characteristic parameters extracted from flame images. In [20] , the concept of the flame stability index and the preliminary results of using such as a concept for the flame stability assessment were first reported. In this paper, the thorough theory of the flame stability index and the detailed procedure of using the stability index for the flame assessment are introduced. Experiments are conducted on a 9-MW industrial-scale heavy-oil-fired combustion test facility over a wide range of combustion conditions. The impacts of various burner parameters on flame stability are studied by the proposed index. The correlation between the flame stability and NO x emissions is also investigated. In addition, the oscillation frequency, which was defined as a characteristic frequency of flame radiation signal [21] , was suggested to be relevant with flame stability to a degree, but very limited experimental studies have been reported. In this paper, the oscillation frequency incorporates with the proposed stability index, forming the generalization of these two measurement approaches for the flame stability assessment.
The main contributions of this paper lie in the proposed definition of the universal flame stability index and the demonstration of this index together with the flame oscillation frequency for assessing quantitatively the flame stability under a wide range of heavy-oil-fired combustion conditions. The proposed method does not require prior knowledge about fuel property, burner type, and other operation conditions and therefore can be easily applied for flame stability assessment without ad hoc and costly adaption for new applications. It should be stressed that the validation of the proposed approach for the quantitative assessment of the flame stability is conducted experimentally, and the mathematical modeling of flame stability is beyond the scope of this paper. It is realized that the mathematical modeling techniques such as computational fluid dynamics modeling provide very powerful tools in designing and analyzing combustion systems. However, due to a number of factors, it is still very difficult to use these modeling techniques to provide with the quantitative and reliable predication of combustion parameters and, subsequently, flame stability, especially for large industrial boilers. These factors include the lack of reliable flame models, the need for high-performance computational systems, the intrinsic uncertainty and variations in combustion systems and fuels burnt, the absence of a well-defined criterion about flame stability, and so on. These factors are also the main reason that the permanent supervision of flame is needed in industrial boilers.
This paper is organized as follows. Section II presents a detailed description of the proposed methodology for the quantitative flame stability assessment. Section III gives the experimental results and discussion of applying the proposed technical approach for assessing the flame stability on a 9 MW heavy-oil-fired combustion test rig. Section IV remarks the findings derived from this paper and future research directions.
II. METHODOLOGY
This paper assesses the stability of a flame through the analysis of flame images and radiation signals, as flame instability generally occurs with large fluctuations in flame geometry, radiation intensity, or temperature (contained in color information). The proposed index and oscillation frequency quantify these fluctuations and hence flame stability to some degree in a relative way. Fig. 1 shows the block diagram of the flame stability assessment system. The system mainly consists of a 90°v iewing-angle optical probe protected by a water-cooling jacket, a beam splitter, a 1/3-in CMOS red, green, and blue (RGB) digital camera (UI-1640SE) with 1.3-million pixels (1280 H × 1024 V), an embedded photodetector and signal-processing board, and a high-performance embedded motherboard with dedicated application software. All these optical and electronic components are integrated into a single compact unit offering the system high portability and robustness. The optical probe is used to transmit the light of the flame inside the combustion chamber to the camera and photodetector (CENTRONIC, OSD1-5T) simultaneously with the aid of the beam splitter. The flame images and radiation signals are processed to derive the proposed stability index and oscillation frequency on an online basis, by the embedded motherboard and the signal-processing board, respectively. The results are transmitted to remote control room via Ethernet. The detailed description about the design, implementation, and evaluation of the system can be found in [19] .
A. System Set-Up

B. Measurement Principles 1) Definition of the Flame Stability Index:
As flame images provide valuable information on the spatial and temporal dynamics of the flame, it is naturally considered to assess the stability of flame through its images. However, apart from the characteristics of imaging system used to capture flame images, the quality and content of the obtained images are closely relevant with many application-related factors such as fuel properties, burner type, combustion condition, and system installation. These factors may vary dramatically in different cases. Therefore, it is desirable to have a generalized criterion that can be used for assessing for the flame stability under different combustion conditions. The concept of flame stability index is then proposed for this purpose. In this study, the flame stability index combines the dynamic characteristics of seven parameters derived from flame images. The seven parameters are concerned with color, geometry, and luminance. Fig. 2 shows the measurement procedure of the index, which can be divided into three steps, i.e., transformation of color space, extraction of parameters, and data fusion. a) Color space transformation from RGB to HSI: The first step is to transform the format of a color image from original RGB to hue, saturation, and intensity (HSI). The color characteristic of a flame is closely linked with the flame emission spectra and largely dependent on the fuel properties, air supply, and temperature. The flame color characteristic should therefore be taken into a consideration when evaluating the flame stability. The RGB color space is useful for color display, where the color and intensity are inseparably stored in the three primary color components. However, the R, G, and B components in the RGB space are highly correlated [22] . When the intensity changes, all the three components will change accordingly. It is therefore not good for color analysis. The HSI model is another commonly used color space in image processing, in which the color information of an image is separated from its intensity information. The hue (H ) component represents the dominant wavelength in the spectral distribution of light wavelengths, indicating basic colors. The saturation (S) component is a measure of the purity of the color, denoting the amount of white light mixed with the hue. The intensity (I ) component is determined by the amount of light, describing the brightness of the image [22] .
The HSI color model can be described geometrically as in Fig. 3 . The H component describes the color in the form of an angle between a reference line and the color point. The range of the H value is generally from 0°to 360°; for example, red is 0°, yellow is 60°, green is 120°, and magenta is 300°. For the convenience of analysis, the H value is normalized by 360°in this paper. The S component represents the perpendicular distance from the color point to the axis. The range of S component is [0, 1]. The nearer the point is to the center axis, the lighter is the color. The I component is the height of the color point in the axial direction, ranging from 0 to 1 where 0 represents black and 1 means white. Each slice perpendicular to the axis is a plane with the same intensity.
The HSI coordinates can be transformed from the RGB space as follows: The mean M k and contrast C k (pixel) of an image are defined as (4) and (5), respectively
where k = H , S, and I and V k (i, j) is the i th-j th element of the 2-D image with a size P × Q pixels. The flame area, A I (pixel 2 ), is determined by applying an appropriate threshold (estimated from the maximum background noise) to the I image
c) Data fusion: The last step is to fuse the standard deviations of the extracted parameters to derive the universal stability index (δ) in the form as
where P i ∈ {M H , M S , M I , C H , C S , C I , A I } and σ P i is the standard deviation of P i , φ(P i ) is the theoretical maximum standard deviation of P i and is used to limit the index boundary to [0, 1], and w i is the weight for P i . In this paper, the same weight w i = 2 was assigned for all the parameters, which means that all flame parameters are taken as equally important. In a specific case, a larger weight can be given to the parameter that is more important than others. It should be note that although quantities P i possess different physical meanings, they are normalized by their theoretical maximums, and so the normalized quantities are dimensionless and have the same range [0, 1]. After normalization, these quantities are combined in such a form of (7) that if there is any large variation in any of these quantities, which indicates the unstable flame, it will be indicated by this combined index.
The theoretical maximum standard deviation of a variable x, φ(x), depends on the dynamic range and probability distribution of x. Suppose
} with a unknown probability distribution, the mean and standard deviation 
Rearranging (9) yields
The maximum value of (L 2 − L 1 )/2 is achieved if and only
In other words, the theoretical maximum standard deviation of x, φ(x), equals a half of the dynamic range
The dynamic ranges of H , S, and
, and φ(A I ) are 0.5, while φ(C H ), φ(C S ), and φ(C I ) are 0.25. The features of the proposed index are summarized as follows. First, the index evaluates the stability of a flame through analyzing dynamics of its color, luminance, and geometry. Second, the index has a fixed boundary, ranging from 0 to 1, which is desirable in metrology. The highest value 1 is achieved if and only if all parameters are constant with time, indicating a perfectly stable state. The lowest value 0 occurs when the standard deviation of any parameter reaches its theoretical maximum value, indicating an extremely unstable state. Last but not least, the index is computationally simple, suitable for online measurement. The measurement procedure does not depend on fuel properties, furnace types, or combustion conditions and thus can be applied to new applications without any ad hoc and costly adaption.
2) Spectral Analysis and Oscillation Frequency:
As can be observed by human eye, most flames exhibit certain spatial and temporal dynamic patterns. The dynamic patterns can be revealed to a degree in the power spectrum of flame radiation signals to give an indication about the stability of a flame. Previous studies have suggested that the low-frequency components of flame signals could be ascribed to flame geometrical fluctuations due to aerodynamic or convective effect, while high-frequency components could be due to the energy transitions among intermediate radicals or variations in the energy emission rate of reacting species [23] . In this paper, it was hoped that the spectral analysis of flame signals can be used to provide an insight into the validity of the proposed stability index.
The power spectral density (PSD) of a flame radiation signal can be derived from
where P( f ) is the PSD estimate and X N 1 ( f ) is the Fourier transform of N 1 -point sampling data sequence X N 1 ( f ) of the signal. The data length N 1 , for the fast Fourier transform, is 1024 in this paper. The oscillation frequency of flame was proposed previously [21] as a characteristic frequency of the PSD and suggested to be relevant with flame stability. It is defined as the power-density weighted average frequency over the entire frequency range
where F is the oscillation frequency, f i is the i th frequency, p i is the power density of the i th frequency component, and N 2 is the number of frequency components. The effectiveness of using the oscillation frequency as a quantitative flame stability indicator is experimentally investigated in the following section.
III. EXPERIMENTAL RESULTS AND DISCUSSION
Experimental work was undertaken on a 9-MW industrialscale heavy-oil-fired combustion test facility, as shown in Fig. 4 . The furnace is equipped a single low NO x burner in a horizontal cylindrical combustion chamber with 11-m length and 1.3-m diameter [19] . Heavy oil was atomized by steam and injected into the combustion chamber through an oil gun and then mixed with surrounding primary air (PA), secondary air (SA), and tertiary air (TA) successively. The flame imaging system penetrated the furnace through a side port close to the front wall (Fig. 4) to visualize the root part of the flame as the central reaction zone. A wide range of combustion conditions were created, including variations in the swirl vane position of the TA, the swirl vane position of the secondary air, and the ratio of the PA to total air. The impacts of these burner parameters on the stability of heavy oil flames are investigated. During all these tests, the total air flow rate (9100 Nm 3 /h) and the oil flow rate (800 kg/h) were kept constant. The NO x emissions of flue gas were measured concurrently by a gas analyzer during the tests.
A. Effects of the Swirl Vanes on Flame Stability
The swirling of air flow considerably affects the intermixing of the atomized oil fuel and air flow and hence the flame stability and combustion performance. The adjustable settings of the combustion test facility that are capable of controlling The TA swirl vane angle determines the direction of the TA flow. It is defined as the angle between the swirl vane and the plane perpendicular to the burner axis, varying from 0°(air inlet fully closed) to 90°(air inlet fully open but without any swirl). Under the same air flow rate, a smaller swirl angles gives a stronger swirling intensity. Three different angles, 25°, 35°, and 45°, were created during the test. Fig. 5 shows the typical example of instantaneous flame images for different TA swirl vane angles.
The effects of the TA swirl vane angle on the flame stability were previously investigated in [19] in terms of geometrical, luminous and fluid-dynamic characteristics. Some of the results are briefly represented here for comparison with the results from the proposed index and for completeness of the study. It was previously found that a TA swirl vane angle 25°resulted in significantly increased amplitude of low-frequency components [ Fig. 6(b) ] and decreased oscillation frequency [ Fig. 6(c) ] [19] , indicating great geometrical fluctuation and decreased flame stability. The result from measured flame stability index is consistent with this finding, as shown in Fig. 6(a) . The stability index gradually increased with the vane angle, which confirms that an increased TA swirl vane angle would result in improved flame stability. The lowest stability index is observed at 25°, indicating that the flame is relatively unstable under such a swirl vane angle setting.
The SA swirl vane position controls the amount of air going through the SA swirl vane. For the SA, part of the air flow goes through the swirl vane and the rest bypasses the swirl vane and goes straightforward into the combustion chamber. The lower the swirl vane position, the more air goes through the swirl vane and the stronger the swirling intensity. During the test, three different SA swirl vane positions, i.e., −17, 30, and 65 mm, were created. Fig. 7 shows the typical example of instantaneous flame images for the different SA swirl vane positions. A direct comparison among the images has suggested that a greater SA swirl vane position resulted in a slightly stretched flame, similar to the effect of a greater TA swirl vane angle. This can be understood by the fact that the stronger the swirling intensity of the SA, the more air goes swirly away from the burner axis due to the effect of centrifugal force, resulting in a wide spread angle of the flame. Fig. 8(a) shows the stability indices at SA swirl vane positions −17 and 30 mm are relatively low, indicating an unstable flame under these two conditions. The highest stability index is observed at 65 mm, indicating an improved flame stability. This result is supported by the power spectral analysis and NO x emissions. The increase of the SA swirl vane position gave rise to increased amplitudes in both the lowand high-frequency components [ Fig. 8(b) ], suggesting that the SA swirl vane position has a significant impact on both geometrical and kinetic characteristics of the flame. Fig. 8(d) shows that the lowest NO x emission was observed at the stability-improved condition, which is consistent with the result obtained from the TA swirl vane angle test [ Fig. 6(d) ]. It should also be noted that under this test, the flame stability index gives a better indication than the oscillation frequency. As can be observed in Fig. 8(c) , the oscillation frequency failed to indicate the variations in the flame stability caused by a change in the SA swirl vane position. This is due to the intrinsic limitation imposed by the definition of the oscillation frequency as the weighted average frequency over the whole spectrum.
B. Effects of the Ratio of PA to Total Air on Flame Stability
The purpose of this test was to investigate the impacts of the spatial distribution of air flow on the flame stability. During the test, the ratio of the SA to total air (SA ratio) (43%) provided for the burner was kept constant. When the PA ratio increased, the TA ratio decreased by the same degree correspondingly. Five different PA ratios, i.e., 11%, 14%, 17%, 20%, and 23% were tested. Fig. 9 shows the typical instantaneous images of the flame under different PA ratios. Fig. 10(a) shows the variations of the measured stability index with the PA ratio. With the increase of the PA ratio, the index increased gradually, indicating an improved stability. The lowest value is obtained at PA 11%, indicating the flame is comparatively less stable under such a PA ratio. This result is in line with the spectral analysis, as shown in Fig. 10(b) . The much higher amplitude of the low-frequency components, which results in the lowest oscillation frequency among the five tested conditions [ Fig. 10(c)] , is observed at PA 11%, indicating an increased geometrical fluctuation and decreased instability at such a condition. The highest NO x emission also emerged at PA 11% [ Fig. 10(d) ] and decreased gradually with the PA ratio, implying that the improved flame stability gave rise to lower NO x emissions.
C. Correlations Between Flame Stability and NO x
In the above experiments, for a specific test, the lowest NO x emission is generally observed under the most stable flame condition. To investigate further this phenomenon, data were collected from a wider range of combustion conditions including variations in overfire air to total air ratio and injection position [24] . Under all the conditions, the oil flow rate and the total air flow rate were kept constant for a fair comparison. Fig. 11(a) gives the comparison between the measured flame stability index and corresponding NO x emissions during all the tests. It is evident that the volume of NO x emissions in the flue gas gradually decreases with an improved flame stability. This finding is also supported by the results of the oscillation frequency [as shown in Fig. 11(b) ], which shows that low NO x emissions were generally achieved with a high oscillation frequency, indicating a better flame stability. The results presented show the importance of maintaining a stable flame and the necessity of the flame stability assessment. It should be mentioned that the results do not imply that flame stability can directly be used as a predictor of NO x emissions, as the NO x formation process is also dependent on many other factors. However, they exemplify the potentials of using the proposed technique for assessing the performance of combustion system.
The above experiments (Sections III-A-III-C) demonstrated the effectiveness of the two methods in flame stability assessment. Although the results obtained are preliminary, they are very promising. It can be seen that the two methods can give an indication about the variation of flame stability with different conditions. More importantly, the results from these two different methods are well matched and they gave similar conclusions regarding the trend of NO x emission with flame stability, which are consistent with past experience. The advantage of these two methods together with the imaging system also lies in its practicality and feasibility for use in large-scale industrial boilers, which is difficult to achieve when using some other flame diagnostic techniques.
IV. CONCLUSION This paper attempts to devise generalized methods for the quantitative assessment of flame stability in industrial furnaces. A simple universal index, which is derived from the statistical analysis of flame images and assesses the stability of flame in terms of its color, geometry and luminance, has been proposed. The advantages of this index include a fixed range [0, 1] desirable in metrology and simple computation complexity suitable for online processing. The experimental results, obtained under a wide range of combustion conditions on a 9-MW heavy-oil-fired combustion test facility, have demonstrated the effectiveness of the index for the quantitative assessment of flame stability. In addition, the feasibility of the oscillation frequency derived from the flame radiation signal as a simple quantitative indicator of flame stability has also been demonstrated. One important advantage of the index proposed and the oscillation frequency is the generalization of their measurement approaches. This is particularly useful because the concept can potentially be transferred to existing flame CCTV systems and flame detectors in power stations without costly and complex adaption. This is due to the fact that the flame images captured by the CCTV systems and the flame radiation signals captured by the flame detectors should carry most information that the flame imaging system provide and thus can be used to compute the stability index and oscillation frequency for the quantitative assessment of flame stability. Last but not least, for all different sets of tests, the lowest NO x emission has generally been observed when the flame is most stable, which indicates the importance of maintaining a stable flame for reduced NO x emissions. Future research will be directed toward the usage of the technique as an indication or prediction for flame stability problems, such as increased wall thermal stress, vibration of the furnace, low combustion efficiency, and high NO x emissions, and the integration of the technique into industrial boiler control system.
